ABSTRACT
INTRODUCTION
Quartz crystal microbalances (QCMs) are heavily used tools in vacuum deposition processes because of their .r~latively low cost and their ability to accurately and senSitively measure mass changes in real time. Use of QCMs in liquid environments is less common but over the past decade has become more important because of the development of oscillator control circuitry capable of main taining stable oscillation in crystals under heavy viscous loading by liquid environments and non-rigid films. Use of QCMs in liquids has also benefited from increasingly so phisticated theoretical treatments of oscillators. Early work includes that by Sauerbrey [1] , who developed the following simple relationship for resonators operating in vacuum:
978-1-4244-1641-7/08/$25.00 ©2008 IEEE (1 ) Equation 1 assumes that deposited films have the same acousto-elastic properties as quartz.
Here ~m is the mass per unit area in g/cm 2 , fq is the resonant frequency of the unloaded crystal in Hz, f is the frequency of the loaded crystal in Hz, pq is the density of quartz (2.648 g·cm-~, !-Iq is the shear modulus of quartz (2.947 x 10 11 g·cm-1 ·sec-2 ), and n is the number of the harmonic at which the crystal is driven. For the 5 MHz crystals used in our apparatus which are driven at their first harmonic, this translates to a sensitivity of 5.66 x 10 7 Hz·g-1 ·cm-2 .
For thick films of the piezoelectric materials ZnO and CdS studied in this paper, Sauerbrey's original as sumptions fail. Lu and Lewis [2] extended Sauerbrey's work to include the mechanical properties of the film being deposited on or removed from the quartz crystal surface: (2) where Nq is a frequency constant for the crystal and Rz is the acoustic impedance ratio of the quartz and film mate-" ~ P q "I'q rial and = where Pr is the density of the film pjOPj and !-If is the film shear modulus. The Lu and Lewis rela tionship was incorporated in the software written to control our apparatus because Pr and !-If are known for common materials such as ZnO and CdS. Note that determination of the coverage of an organic molecule using this relation ship requires using values for both Pr and !-If. Typically these are not well known. For this reason, coverage of the organic molecule studied here was performed using Equation 1.
. Operation of a QCM in liquid causes a frequency shift [3] due solely to the liquid's density and viscosity: /)./ = _/3/2 (3) 7r 0 P q 0 P q where. III is the I.iquid viscosity and Pl is the liquid density.
~quatlo.n 3 predicts a large frequency shift of 721 Hz upon Immersing a 5 MHz crystal in distilled water at room tem perature.
Using Equation 2 and the density and lattice constants of ZnO, it can be shown that this frequency shift translates to -87 Zn-O bilayers, much more than the thickness of a single organic monolayer. To achieve sub m~nolayer sensitivity we have minimized these frequency shl~s ~ue to changes in liquid density and viscosity by deSigning our apparatus such that the reagents contacting the crystal may be changed without withdrawing the crys tal from the liquid environment. In addition we have used dilute (2-5 mM) solutions so that there are minimal differ ences between the properties of the pure solvents (water and ethanol) and solutions made from them.
Our previous work with II-VI materials and inter est in nanoparticle surface chemistry has led to the initial testing of our apparatus with two systems:
ZnO + self assembled monolayers (SAMs) of organic molecules and CdS chemical deposition. In this paper we report on re sults with the ZnO-SAM system. There have been several reports of tuning injection barriers and absorber morphol ogy in organic electronic devices using SAMs on metals (see i.e. [[4-6]]). Much less is known about SAMs on ox ide surfaces and how they might be used to improve PV devices.
By appropriate selection of terminal functional group, Appleyard et al. were able to produce positive and negative work function changes on phosphonic acid SAM functionalized indium tin oxide (ITO) and thereby tune injection barriers in organic devices [7] . Hanson et al. showed how a thiophenephosphonic acid could be used to enhance hole injection in OLEO devices [8] . Lao used carboxylic acid functionalization of ZnO nanobelts for simi lar improvements in energy level alignments [9] . We have chosen the phosphonic acid moiety as a surface linking group because of its advantages over more common si lane and thiol chemistry that include better resistance to hydrolysis and polymerization in solution as well as less of a dependence on surface hydroxyl content [10] . Finally, the chemical similarity of the alkane phosphonic acid used here to the corresponding alkane thiol could allow the first determinations of the acousto-elastic properties of these molecules. EXPERIMENTAL .
. A schematic of the OCM-based apparatus operating In flow-cell mode is shown in Figure 1 . Except for the pumps, the system is inside the glove-box portion of ~Iuster tool that has been described in previous publica tions [11, 12] . All wetted materials except for the OCM sensor are of fluoropolymer or polypropylene construction. Liquid reagents can be transported to the flow cell or a batch reactor either by active pumping with one of two computer controlled peristaltic pumps or by gravity feed as shown on the two right-hand reagent containers.
Re agents are first passed through a set of membrane con tactors (model EF-Micro from Oianippon Ink and Chemi cal), devices that allow the removal or addition of dis solved gases in the streams. The contactors consist of a high surface area hydrophobic membrane that is perme able to low molecular weight molecules such as oxygen and carbon dioxide. Reagents flow over one side of the membrane and dissolved gases diffuse through the mem brane into a vacuum that is maintained on the other side.
978-1-4244-1641-7/08/$25.00 ©2008 IEEE The entire system, including a Maxtek ROCM crystal monitor, is controlled with National Instruments hardware and with software written in Lab VIEW. Frequency changes in the crystal were converted to film thicknesses every 50 ms according to the relation developed by Lu and Lewis [2] . Polished Si02-coated OCM crystals were purchased from Maxtek Inc. and were sputter coated with 500 nm of undoped ZnO at -200°C. For the ZnO experiments conducted in the flow cell, 5 mM ethanolic solutions of NH4CI and n-hexylphosphonic acid were used and experiments were conducted at room tem perature.
RESULTS AND DISCUSSION
Although the initial use of the OCM was as a real time and in-situ thickness sensor in chemical bath deposi tions of CdS, the focus of this paper is on results obtained while operating the apparatus in a flow cell mode. Flow cell operation allows minimizing or avoiding complications with operating a OCM in liquids that are not seen with vacuum operation. In addition to the mass of the crystal, the oscillation frequency of a liquid OCM is dependent on the solution viscosity, density, hydrostatic pressure, and film roughness, the latter coming into play because a po rous film can entrain liquid. Additional factors include temperature dependent stress on the crystal from the crystal holder, temperature dependent resonance fre quency of the crystal itself, and bubble formation with the flow cell during operation at elevated temperature. Figure  2 shows both the effects of hydrostatic pressure and of bubble formation. These data were taken with the computer toggling the flow of room temperature distilled water on for 20 s and off for 20 s with the water bath being held at 65°C. Without the membrane contactors working, air-saturated water moves into the temperature bath, is heated, and a mixture of bubbles and gas passes by the OCM sensor. By turning on the vacuum to the membrane contactor manifold, noise in the OCM signal that is due to in-line bubble formation is eliminated, and the signal that is due to the periodically changing hydrostatic pressure is recovered. Figure 3 shows flow cell data taken with a OCM crystal that was coated with 500 nm of sputter-deposited 978-1-4244-1641-7/08/$25.00 ©2008 IEEE ZnO. The red trace, consisting of about 150,000 thick ness readings, shows the change in ZnO thickness as a result of etching with dilute ethanolic NH4CI and using the pulse sequence of 1) ethanol rinse 2) ethanol injection 3) ethanol rinse 4) NH4CI injection. Noise spikes due to valve actuation and the 10 s rinse and 25 s injections are visi ble; between the spikes the flow cell is in a static condition and etching or adsorption involves only the small volume with the cell (0.1 ml). During the NH4CI etching cycles, ZnO is being removed at 0.008 ± 0.001 Als.
-E The blue trace of Fig. 3 is OCM output from the same ZnO surface using the pulse sequence 1) ethanol rinse 2) n-hexylphosphonic acid (HPA) injection 3) ethanol rinse 4) NH4CI injection. The initial rise from zero in the plot indicates that HPA is adsorbing on the ZnO surface. The blue trace in the inset is the corresponding decrease in crystal frequency during this first cycle. Use of Equa tion 1 on this portion of the data results in a coverage of 2.6 x 10 14 molecules·cm-2 , which is about 0.24 monolayers (ML) if 1 ML is defined as the number of atoms·cm-2 on a c-axis oriented ZnO crystal (1.1 x 101~. Attachment of an hydrophobic molecule such as HPA to ZnO is expected to inhibit attack by a hydrophilic Br0nsted acid such as NH4CI. The fact that the etch rate over the full 7000 s long reaction sequence is a factor of -8 smaller than the con trol experiment (red plot) is evidence that the hexylphos phonic acid has been attached to the ZnO surface, and shows that an n-alkyl group even as short as the hexyl group can add corrosion resistance to a TCO. Figure 4 is x-ray photoelectron spectroscopic data for the carbon 1 s region of a ZnO control film ex posed to ethanol only (red trace), and a ZnO film exposed to the HPA-ethanol film for several hours and then rinsed with copious amounts of ethanol (blue trace). The large increase relative to the control film in the amount of car bon in the HPA-exposed film is ascribed to the hexyl 978-1-4244-1641-7/08/$25.00 ©2008 IEEE group of the HPA molecules. Further confirmation that the ZnO film has been functionalized with HPA is found in Figure 5 , XPS spectra of the phosphorus 2s region, which show the presence of phosphorus only in the HPA exposed film.
CONCLUSIONS
We have built a new instrument based on a QCM for the study of chemical reactions occurring between solid surfaces and liquids. The design of the instrument allows sensor artifacts to be reduced to the point where atomic scale phenomena are easily observed. Although one limitation of the instrument is that the solid to be stud ied must be deposited on a QCM crystal, stable oscillation was achieved on three different crystals sputter coated with ZnO and it is believed that any material can in princi ple be investigated with this apparatus as long as its growth temperature does not exceed the u--+/3 quartz phase transition of 573°C. We have used the apparatus to demonstrate functionalization of the ZnO surface with an organic molecule, n-hexylphosphonic acid, and how that molecule affects the corrosion of ZnO in the presence of a weak acid. Further work with this tool will include using it to investigate the aqueous analog of atomic layer deposition, the so-called "SILAR" deposition method [13] , and exploiting the features of a flow cell set-up [14] to understand the kinetics of PV-relevant solid-liquid proc esses.
In addition, quantification of the SAM coverage via XPS or other independent means would allow deter mination of shear moduli of these types of films, values that are otherwise difficult to obtain and that would allow the rapid and accurate quantification of organic layers via low cost and simple QCM-based equipment. This work was supported by the U.S. Department of Energy under Contract No. DE-AC36-99G010337 with the National Re newable Energy Laboratory.
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